Introduction
Hair analysis is a useful tool for retrospective drug screening, for example in the context of workplace drug testing or tests of driving ability. In Germany and Italy, it is part of the procedure for granting or re-granting the driver's license because drug abuse is incompatible with the ability to drive (1, 2) . Hair analysis can also be used if an incident happened some time ago and no other sample material other than hair is available. Furthermore, the time and length of drug intake can be estimated by correlating the position of the analytes in the hair samples with the growth rate of hair (1) .
Lysergic acid diethylamide (LSD) and psilocin are hallucinogenic substances that are consumed mostly for recreational purposes. The latter is contained in some mushroom species ('magic mushrooms') while bufotenine is a position isomer of psilocin, that is for example excreted by bufo toads but is also formed endogenously (3, 4) . In some countries, it is consumed as a drug (5) . LSD, psilocin and bufotenine are controlled substances in many countries.
Up until now no methods have been published for analyzing psilocin or bufotenine in hair and it is therefore not known if these substances are incorporated in hair at all. There are only three cases published with positive LSD findings in human head hair with concentrations of 1 -17 pg/mg (6, 7). Furthermore, LSD was found in pubic hair two times with concentrations of 0.66 and 26 pg/mg (8, 9) . In one of these cases, a trace of iso-LSD (impurity of LSD) was also detected (8) . The metabolites nor-LSD and O-H-LSD have not been found in human hair to date, although a trace of nor-LSD was detected in rat hair after the intraperitoneal administration of the very high dose of 2 mg/kg for ten consecutive days (6) .
This article describes a method to extract psilocin, bufotenine and LSD as well as some of its metabolites from hair. Furthermore, hair was soaked with the analytes to incorporate them into the hair and thus prepare fortified hair that was used for method development and quality control.
Experimental
Chemicals and reagents Bufotenine (1 mg/mL methanol) and LSD (1 mg/mL acetonitrile) were purchased from Lipomed (Weil am Rhein, Germany). Psilocin and psilocin-d 10 as solids and stock solutions of iso-LSD (100 mg/mL acetonitrile), O-H-LSD (100 mg/mL acetonitrile) and LSD-d 3 (25 mg/mL acetonitrile) were obtained from Cerilliant (Round Rock, TX, USA). Nor-LSD/nor-iso-LSD (combined; pure nor-LSD was not available) as a solid was supplied by Sigma-Aldrich (Steinheim, Germany). Oasis w MCX solidphase extraction (SPE) cartridges (60 mg, 3 mL) were purchased from Waters (Milford, MA).
Standard solutions
Stock solutions at a concentration of 1 mg/mL of psilocin-d 10 and psilocin in methanol and nor-LSD/nor-iso-LSD in acetonitrile were prepared. The internal standard (IS) working solution contained 1 mg/mL psilocin-d 10 and 25 ng/mL LSD-d 3 in acetonitrile. For calibration, a working solution with 1 mg/mL psilocin and bufotenine, 25 ng/mL LSD and iso-LSD as well as 50 ng/ mL O-H-LSD and nor-LSD/nor-iso-LSD in acetonitrile as well as a 10-fold dilution of this solution were prepared.
Preparation of fortified hair
A solution containing 1 mg/mL LSD, iso-LSD, nor-LSD/ nor-iso-LSD and O-H-LSD, 10 mg/mL bufotenine and 20 mg/mL psilocin in methanol/dimethyl sulfoxide (DMSO) (1:1, v/v) was prepared. Then, 1 g dark blond, blank hair was stored in 20 mL of this solution under a nitrogen atmosphere protected from light for 7 days. Then, the solution was decanted and the hair was rinsed nine times with 20 mL methanol. Finally, the hair was dried at room temperature.
HPLC-MS-MS conditions
Samples were analyzed with high performance liquid chromatography coupled with tandem mass spectrometry (HPLC-MS-MS). A Waters Alliance 2695 Separation Module with a Pursuit C18 (3 mm, 150 Â 2.0 mm, Varian) column was used for chromatographic separation. The mobile phase consisted of acetonitrile (A) and 2 mM ammonium acetate buffer (B), both with 0.1% formic acid. The micromass Quattro Micro was operated with positive electrospray ionization in the multiple reaction monitoring mode using HPLC-MS-MS conditions described by Martin et al. (10) .
Extraction and clean-up
For decontamination hair samples were washed with 20 mL methanol. It was decanted and the hair was washed in 20 mL acetone, which was decanted as well. After drying at room temperature, the hair was cut in pieces of 1 -3 mm length. Extraction and clean-up were performed and protected from light. After the addition of 50 mL of 0.1 M ascorbic acid, 50 mg hair were extracted with 2 mL of a 1:1-mixture of hydrochloric acid (0.01 M) and methanol in an ultrasonic bath for 6 h. The temperature of the water bath was kept under 508C due to the instability of psilocin. The samples were centrifuged at 4,000 rpm for 2 min, and the supernatant was decanted into a new test tube. Then, 20 mL IS working solution were added to the supernatant and the methanol was evaporated at 408C in a stream of nitrogen. Furthermore, 1 mL of 0.01 M hydrochloric acid was added to the extracted hair and vortexed to desorb analytes still sticking to the hair. The test tube was centrifuged for 2 min, the supernatants were combined and 4 mL phosphate buffer (0.1 M, pH 6) were added.
Clean-up of the hair extracts was performed with SPE. Oasis w MCX columns were conditioned with 2 mL methanol and 0.1 M phosphate buffer, respectively. After sample application, the columns were washed with 2 mL water and 2 mL acetonitrile, followed by a drying step of 5 min in a stream of nitrogen. Then, the columns were washed with 2 mL methanol and 2 mL ethyl acetate and dried again for 5 min with nitrogen. Before the elution with 2 Â 1 mL 2% ammonium hydroxide in methylene chloride/ isopropanol (80 þ 20, v/v), 10 mL of 0.01 M ascorbic acid were added to the HPLC vial. It was essential to use polypropylene needles instead of stainless steel needles for elution. The eluate was evaporated to dryness at 408C in a stream of nitrogen and reconstituted in 100 mL HPLC mobile phase (4% A and 96% B).
Method validation
According to the criteria of the 'Society of Toxicological and Forensic Chemistry' (GTFCh) guidelines (11), a basic validation including the parameters linearity, accuracy, precision, limits of detection (LOD) and limits of quantitation (LOQ) as well as stability is sufficient for hair analysis. For validation, drug-free, dark blond hair was used. Five calibration curves consisting of seven calibrators were prepared to determine the linearity by spiking 50 mg blank hair with analyte at concentrations of 0.04 -2 ng/mg for psilocin and bufotenine, 1 -50 pg/mg for LSD and iso-LSD and 2 -100 pg/mg for nor-LSD/nor-iso-LSD and O-H-LSD.
The accuracy of the method was determined by bias (%) and the interday and intraday precisions were expressed as relative standard deviations (RSD). Blank hair was spiked with a high and a low concentration of all analytes (see Table I ). In addition, precision was determined by analyzing the fortified hair samples. Quality controls of each concentration were extracted in duplicate on five different days.
The LOD and LOQ were determined with specific calibration curves using six calibrators in the range of the expected LOD. The concentrations were 10-100 pg/mg for psilocin and bufotenine, 0.25 -2.5 pg/mg for LSD and iso-LSD and 0.5 -5 pg/mg for nor-LSD/nor-iso-LSD and O-H-LSD.
For determination of the epimerization stability of LSD and iso-LSD, one hair sample spiked with 100 pg/mg LSD and one with 100 pg/mg iso-LSD were extracted.
Results and discussion

Preparation of fortified hair
In hair analysis, it is more difficult to find suitable quality controls to check the extraction efficiency than in the analysis of homogenous body fluids. One possibility is to use pools of authentic, positive samples of drug users. Because the consumption of LSD, psilocin and bufotenine is rare, no hair samples are available. Another option according to recommendations of the 'Society of Hair Testing' (SOHT) is to expose drug-free hair to solutions of drugs at high concentrations to allow incorporation of these substances into hair (12) .
The 'National Institute of Standards and Technology' (NIST) prepared reference materials for different drugs by soaking hair in solutions of the analytes in DMSO (13) and DMSO/water (14) .
In this study, blank hair was soaked in a solution of LSD and its metabolites, bufotenine and psilocin in DMSO/methanol at concentrations of 1, 10 and 20 mg/mL, respectively, for 1 week. Water was substituted by methanol because psilocin is unstable in aqueous solutions, besides methanol swells hair. DMSO is able to penetrate the cell membrane, so the analytes can migrate into the hair. After 1 week, the hair was washed with methanol nine times until the last washing solution did not contain any analytes (LOD in washing solution: psilocin and bufotenine 200 pg/mL, LSD and iso-LSD 80 pg/mL, nor-LSD/nor-iso-LSD 160 pg/mL and O-H-LSD 300 pg/mL). All analytes had been incorporated into the hair. The concentrations measured with the developed method are shown in Table II . This is the first time that the preparation of reference material for psilocin, bufotenine and LSD and metabolites thereof in hair has been published. The fortified hair was subsequently used for method development and precision studies.
Method development
Method development in hair analysis is more challenging than that in body fluids because the extraction efficiency cannot be determined by spiking blank samples. In preliminary tests with spiked hair, the stability of the analytes under different extraction conditions was checked, because it is known that LSD and especially psilocin are relatively labile analytes. Common approaches in hair analysis were tested and evaluated (Table III) . The extraction with phosphate buffer ( pH 6) at 408C for 4 h, the enzymatic digestion with proteinase K at 458C for 16 h and digestion with sodium hydroxide at 458C for 16 h were all not suitable, as the analytes were not stable under these conditions. However, the extractions with 0.01 M hydrochloric acid and with methanol for 4 h in an ultrasonic bath were promising and these approaches were therefore further tested to determine whether they were able to extract the analytes used in this study out from the fortified hair. Although the more polar analytes bufotenine, psilocin and O-H-LSD were extracted better with hydrochloric acid whereas methanol was better for LSD ( Figure 1 ), a 1:1-mixture of 0.01 M hydrochloric acid and methanol was best for all analytes. Furthermore, the addition of ascorbic acid prior to the extraction stabilized psilocin and bufotenine. The duration of the extraction in the ultrasonic bath was tested from 1 to 6 h. Extraction times longer than 6 h were not tested as this is the longest period with that the extraction and the following SPE of the extracts can be done during one working day. This is essential as psilocin and LSD are labile analytes and the risk of degradation is too high if the extracts have to be stored overnight. When comparing extraction times from 1 to 6 h, the highest amounts for all analytes were obtained after 6 h (Figure 2) .
Further clean-up was required due to impurities present in the hair extracts. For this purpose, the SPE procedure for the analytes in body fluids recently published was modified (10) . As matrix components extracted from hair are mostly lipophilic, the hydrophilic washing step with phosphate buffer was replaced by a lipophilic washing step with acetonitrile to reduce matrix effects.
Validation
The method was linear for the whole calibration range using a weighting factor of 1/x. The signal-to-noise ratio (S/N) of all analytes was at least 3:1 at the LOD and 10:1 at the LOQ. The LOD and LOQ of all analytes are shown in Table IV , whereas accuracy and precision data are summarized in Table I . Bias ranged from -0.8 to 8.8% for all concentrations and all analytes. Intraday precision was ,9.5% RSD and interday precision ,12.5% except for O-H-LSD whose interday and intraday precision was between 12.4 and 18.4%. Thus the acceptance criteria for precision (15% RSD) and accuracy (bias within +15%) are fulfilled for all analytes except O-H-LSD. The precision data of the spiked blank hair and the fortified hair are comparable. This means that the fortified hair represents a homogenous sample pool and the analytes can be extracted reproducibly.
A possible epimerization of LSD to iso-LSD and vice versa during the extraction procedure was examined by extracting samples that contained only one of the analytes and checking whether the other one had been formed. No epimerization occurred. This is in accordance with the literature where it has been reported that epimerization occurs at elevated temperatures only under basic conditions (15) , whereas the extraction of hair samples was under acidic conditions.
The method was validated successfully for all analytes except for O-H-LSD for which the LOQ (4.8 pg/mg) was higher than the Figure 2 . Extraction with MeOH/HCl (1:1) for 1, 2, 4 and 6 h; 6 h is normalized to 100%. lowest calibrator (2 pg/mg) and imprecision at the low concentration was too high. Hence, O-H-LSD cannot be quantitated in hair but a qualitative analysis is possible. This can be used as a validation of a positive result because as a metabolite O-H-LSD is an endogen marker for LSD consumption.
Conclusions
We present a method to analyze psilocin, bufotenine, LSD and its metabolites in hair samples after extraction with methanol and hydrochloric acid and purification of the extract with SPE. This method might be a useful tool in the analysis of hallucinogens in hair. For the first time, hair fortified with these analytes has been prepared, which can be used as a quality control.
